performance was observed for NH and CI listeners, suggesting that the loss of spectral information was the primary cause of the effects. The Speech Intelligibility Previous experiments have demonstrated that the correct tonotopic representation of spectral information Index was able to account for both NH and CI listeners' results. No significant differences were observed is important for speech recognition. However, in prosthetic devices, such as hearing aids and cochlear among the four conditions that redistributed the spectral information around the hole, suggesting that implants, there may be a frequency/place mismatch due in part to the signal processing of the device and rerouting spectral information around a hole was no better than simply dropping it. in part to the pathology that caused the hearing loss. Local regions of damaged neurons may create a "hole" Keywords: cochlear implant, deafness, hearing aids, hearing impairment, hearing loss, speech recognition in the tonotopic representation of spectral information, further distorting the frequency-to-place mapping. The present experiment was performed to quantitatively assess the impact of spectral holes on speech recognition. Speech was processed by a 20-band processor: SPEAK for cochlear implant (CI) listeners, and a 20-band noise processor for normal-
INTRODUCTION
hearing (NH) listeners. Holes in the tonotopic representation (from 1.5 to 6 mm in extent) were
In the normal-hearing ear there is a well-defined mapcreated by eliminating electrodes or noise carrier ping of spectral information onto specific locations in bands in the basal, middle, or apical regions of the the cochlea, with high frequencies processed near the cochlea. Vowel, consonant, and sentence recognition base and low frequencies processed near the apex. were measured as a function of the location and size Acoustic spectral information is parsed into its freof the hole. In addition, the spectral information that quency components mechanically by the passive and would normally be represented in the hole region was active frequency-selective vibration of the basilar memeither: (1) dropped, (2) assigned to the apical side of brane. These tonotopically mapped vibrations are conthe hole, (3) assigned to the basal side of the hole, or verted into neural activation by the hair cells of the (4) split evenly to both sides of the hole. In general, cochlea. However, in the hearing-impaired ear there speech features that are highly dependent on spectral may be a loss of hair cells and/or auditory nerve fibers cues (consonant place, vowel identity) were more as a result of the hearing loss pathology, which can affected by the presence of tonotopic holes than temalter this normal frequency-to-place mapping. poral features (consonant voicing and manner). Holes
One type of alteration in the spectral-tonotopic in the apical region were more damaging than holes mapping that commonly occurs in cochlear implants in the basal or middle regions. A similar pattern of is an absolute frequency-place shift, in which spectral information is presented to an electrode that is more basally located than the normal acoustic place for that on speech recognition was recently measured in NH and CI listeners; both NH and CI listeners could toler-2-4-kHz region, with maximum elevation toward the ate a shift of Ϯ3 mm, equivalent to a Ϯ60% frequency lower-frequency end. If a hearing aid is fitted to this shift relative to the matched cochlear location with patient with 50 dB of gain in the 2-4-kHz range, the little effect on performance (Dorman et al. 1997 ; Fu patient will be able to perceive sound at those frequenand Shannon 1999). Shifts larger than 3 mm resulted cies. However, such amplification will cause informain a sharp decrease in speech recognition. tion in the 2-4-kHz region to spread and activate hair Another type of alteration in the tonotopic pattern cells and neurons in the tonotopic region above 4 kHz. could result from localized loss of hair cells and/or Depending on the location and size of the hole, this auditory neurons, producing a "hole" in the tonotopic kind of amplification may improve speech intelligibilrepresentation. This localized loss would produce an ity. However, Turner et al. (1999) recently demonelevated sound threshold at a particular frequency in strated that amplification of high frequencies could a hearing-impaired ear or an elevated electrical threshactually reduce speech intelligibility in some hearingold for one or more electrodes in an implanted ear.
impaired listeners with 60 dB of hearing loss above 2 The normal clinical solution to such localized elevated kHz. They speculated that even though amplification thresholds is to increase the gain of the device for that of this frequency region resulted in audibility of specspectral region. However, if there is a complete loss tral information above 2 kHz, the resulting distortion of hair cells and/or neurons in that tonotopic region, in the frequency-place representation might have increasing the signal level will simply cause the activabeen detrimental. Thus, it is possible that amplification to spread to neighboring regions where hair cells tion, in some cases, could actually reduce speech and/or neurons are still intact. In this case the spectral intelligibility. information from that band will be received but will activate neurons in a different tonotopic region than intended, producing a local warping in the tonotopic Previous work on spectral holes representation of spectral information.
Another potential distortion in cochlear implants One of the earliest attempts to quantify the effect of could produce a warping of the spectral representation lost spectral information was the development of the of speech in the cochlea relative to the acoustic repreArticulation Index (AI). Harvey Fletcher and colsentation. For example, the frequency-place mapping leagues varied the cutoff frequencies of high-pass and would be warped if evenly spaced electrodes activate low-pass filtered speech until each produced equal unequal regions of neurons due to uneven nerve surspeech recognition (Fletcher and Steinberg 1929; vival or nonuniform current flow. Shannon et al. French and Steinberg 1947) . Equal speech intelligibil-(1998) measured speech recognition with four-band ity was found for speech either high-pass or low-pass noise processors under conditions that caused a warpfiltered at about 1900 Hz, though lower cutoff freing of the entire spectral-to-tonotopic mapping. Specquency values have been reported more recently for tral information was analyzed into four logarithmically more linguistically simple stimuli. The results sugspaced frequency bands; the envelope information gested that half of the speech intelligibility was found from those bands was presented as modulations of above 1900 Hz and half below 1900 Hz. More detailed four linearly spaced noise bands, causing a logarithmic studies have since derived frequency-importance warping of the normal acoustic frequency-place mapfunctions for various speech materials (e.g., Studeping. Results showed a dramatic decrease in perforbaker and Sherbecoe 1993) in which materials that are mance to a level equivalent to that produced by a more linguistically simple have a crossover frequency single-channel processor, i.e., the loss of all spectral lower than 1900 Hz. This basic methodology was information. Although four bands of spectral informaupdated recently (ANSI S3.5, 1997) and termed the tion were still extracted and presented, listeners were Speech Intelligibility Index (SII). unable to make use of any of the spectral information.
The AI model integrates recognition probability While the results of that study demonstrated the devasacross frequency bands, an operation that assumes that tating effects of warping the entire spectral-to-tonothe recognition probability in each frequency band is topic mapping, the present study investigates the independent of the recognition probability in all other effects of more localized warping in the tonotopic bands. However, it is well known that much speech representation.
information is redundant and correlated across the As an example of a localized warping in the tonofrequency spectrum. Several recent studies have demtopic pattern, consider a listener who has no onstrated the highly synergistic additivity of speech remaining hair cells or neurons in the cochlear region information from different spectral regions. Breeuwer that is normally tuned to 2-4 kHz but who has normal and Plomp (1984, 1985, 1986) showed that reasonable hearing at higher and lower frequencies. This listener's audiogram would show elevated thresholds in the speech recognition could be achieved with two octave bands of frequency information, even when eliminatremediate a hearing loss, it is important to understand the tradeoff between the loss of spectral information ing the midfrequency region of 1000-3000 Hz. Lippmann (1996) demonstrated good speech recognition that occurs with no amplification and the possible warping of the tonotopic representation caused by even when the entire midfrequency region from 800 to 3000 Hz was removed. Warren et al. (1998) found amplification. The present study attempts to quantify this tradeoff between the loss of information and disthat excellent speech recognition was possible when listening through a few narrow spectral bands (slits). tortion in the tonotopic representation. Clearly, large regions of spectral information can be dropped without disrupting speech recognition because of the spectral redundancy of speech. It is not
METHOD
clear if the AI can account for the high levels of speech recognition observed in these studies when large porSubjects tions of the midfrequency region of spectral information are missing.
Six listeners fitted with the Nucleus-22 cochlear implant and six normal-hearing listeners participated The distribution of neural activity in the cochlea may be significantly altered when a region of the in the present experiment. All subjects were native speakers of American English. All implant users had cochlea is missing hair cells and neurons. Moore and Glasberg (1997) proposed an excitation pattern model 20 active electrodes available and had used the SPEAK speech processor for at least 4 years (see Table 1 for of loudness that could account for the loudness growth functions of hearing-impaired listeners who had a more information). Normal-hearing listeners ranged in age from 25 to 52 years and had thresholds better localized loss of inner hair cells, which they termed "dead regions." Moore and colleagues proposed psythan 15 dB HL at audiometric frequencies between 125 and 8000 Hz. Speech materials and testing procedure located within a dead region, masking does not really occur inside the dead region but rather at the edges Speech perception tests used to evaluate the experimental settings were all presented without lip-reading of that region where the surviving hair cells respond to both masker and signal.
(sound only). The subjects' tasks were medial vowel identification, medial consonant identification, and Vickers et al. (2001) demonstrated that amplification of frequencies up to one octave above the estiword recognition in sentences. Each listener was tested with the experimental speech processors immediately mated edge frequency of a high-frequency dead region could be beneficial for most subjects. Amplification of after receiving them (no practice). The listeners were seated 1 m in front of the loudspeaker in a soundfrequencies more than one octave higher than the edge of the dead region did not help and actually treated room (IAC) and the sound level was set by adjusting a 1000-Hz sinusoid to 70 dB rms on an Areduced performance in some listeners. Turner and colleagues demonstrated the potentially detrimental weighted scale. Each speech stimulus was digitally scaled to have an rms level computed over the entire effects of amplification within dead regions for speech recognition (Hogan and Turner 1998; Turner and stimulus duration that was equal in level to the calibration sinusoid. Cummings 1999). Standard amplification formulas actually led to reduced speech intelligibility in some
The Nucleus-22 implant device includes a microphone, an adjustable sensitivity setting, and an autohearing-impaired patients with more than 60 dB of high-frequency hearing loss. They speculated that the matic gain control that determines the acoustic range of sound that is mapped to electrical current (Cochlear amplification in a dead region produced a spread of activation to healthy, unimpaired regions, resulting in Corp. 1995) . Because the wide acoustic range of sound must be mapped to the much smaller electrical a distortion in the frequency-place pattern. For some patients, this frequency-place distortion produced a dynamic range of the implant listener, some amount of signal compression is necessary. Depending on the significant drop in speech recognition compared with no amplification in the dead region. In this case, ampliinteractions of these three components, portions of the acoustic signal may be peak-and/or centerfication and the resulting distortion apparently produced poorer speech recognition than if the speech clipped. Because the present experiment was concerned with the relative effects of spectrally limited information was lost altogether.
The hypothesis of the present study is that spectral speech, it was important to keep the acoustic input range to the speech processor constant. In this way, warping of the tonotopic representation may result in a larger detriment to speech recognition than if the any information loss would be due to local holes in the spectral representation and could not be compensated spectral information is simply lost. To most effectively The Nucleus-22 cochlear implant has 22 active stimulating electrodes and 10 passive electrodes that are present for mechanical stiffening, with spacing of 0.75 mm between each electrode ring. The surgeon estimates the insertion depth of the electrode array by counting the number of electrode rings outside the cochleostomy. Frequency tables are standard filter sets that determine the overall frequency range used and which frequencies are assigned to each electrode. Frequency Allocation Table 9 refers to the default table, which assigns the frequency range 150 Hz-10.8 kHz to the 20 electrode pairs; Frequency Allocation Table 7 uses the frequency range 120 Hz-8.7 kHz for by applying more gain to the acoustic input. Thus, Recognition of words in sentences was measured using the Texas Instruments/Massachusetts Institute implant listeners were instructed to use the same volume sensitivity setting as their normal processor for of Technology (DARPA/TIMIT) corpus of sentence materials (National Institute of Standards and Techall conditions and not to change that setting for the duration of the experiment. Similarly, for normal-hearnology 1990). For each condition, data were collected from each listener for 20 sentences of varying lengths ing listeners, no normalization was applied to the speech signal after the multichannel noise-band (from 3 to 13 words per sentence, with an average of 6.8 words per sentence). The sentences were of processing.
Vowel stimuli were taken from materials recorded moderate-to-high difficulty, spoken by multiple talkers, and presented with no context or feedback on perforby Hillenbrand et al. (1994) . Stimuli were presented to the listeners and responses collected by custom softmance; no sentences were repeated to an individual listener. Each word in a sentence was scored as correct ware (Robert 1997). Listeners heard 10 presentations (5 male and 5 female talkers) each of 12 medial vowels or incorrect and performance under a given condition was expressed as the percentage of correct words. including 10 monophthongs (/i  ε ae u υ ␣ ɔ ϳ /) and 2 diphthongs (/o e/) presented in a /h/-vowel-/ d/ context (heed, hid, head, had, who'd, hood, hod, Signal processing: CI listeners hud, hawed, heard, hoed, hayed). Chance level on this test was 8.33% correct with an upper 95% confidence
The Nucleus-22 SPEAK processing strategy divides speech into 20 contiguous frequency bands and assigns level of 13.3%.
Consonant stimuli (3 male and 3 female talkers) the output of each frequency analysis band to one electrode pair (Fig. 1) . This frequency-to-electrode were taken from materials recorded by Turner et al. (1999) and . Consonant confusion assignment is determined by selecting 1 of 15 frequency allocation tables that map various acoustic frematrices were compiled from 12 presentations (6 talkers times 2 repetitions of each talker) of each of 14 quency ranges to electrode locations (Cochlear Corp. 1995) . The clinically assigned frequency allocation medial consonants /b d g p t k l m n f s ʃ v z /, presented in an /a/-consonant-/a/ context. Tokens table was used for the baseline experimental speech processor; four of the CI listeners used the default were presented in random order by custom software (Robert 1997) and the confusion matrices were ana- Table 9 (0.15-10.8-kHz frequency range) and two used Table 7 (0.2-8.6-kHz frequency range). The normal lyzed for information received on the productionbased categories of voicing, manner, and place of articfrequency-to-electrode assignments also produce a spectral shift between the lowest frequency analysis ulation (Miller and Nicely 1955) . Chance performance level for this test was 7.14% correct with an upper 95% band and the most apical electrode location. In a fully inserted Nucleus-22 electrode, the most apical active confidence level of 11.1%.
FIG. 1.
Schematic representation of signal processing for all listeners. The spectrum from 150 Hz to 10.8 kHz was divided into 20 bands corresponding to equal mm distances along the basilar membrane. The output of each band after processing was used to modulate a biphasic pulse train on a single electrode for CI listeners or to modulate a band of noise for NH listeners. Holes in the spectral representation were created in the apical, middle, or basal regions (apical and basal shown) by turning off 2, 4, 6, or 8 output noise carrier bands or electrodes.
electrode is located approximately 25 mm from the round window. Using Greenwood's (1990) frequencyplace formula and assuming a 35 mm cochlear length, this location should correspond to an acoustic frequency of 513 Hz. Thus, the cochlear location of the most apical electrode is more than 4.6 mm basal to the normal cochlear location corresponding to the lowest cutoff frequency of Table 9 (150 Hz) or Table  7 (200 Hz) .
Experimental processors were created by eliminating stimulation to 2, 4, 6, or 8 electrodes along the array, resulting in tonotopic holes of 1.5, 3, 4.5, and 6 mm in extent; holes were created in the apical, middle, and basal regions of the cochlea. Four conditions were created in which the spectral information that of the hole ("split") (Fig. 2) . For the dropped condition, the threshold (T-level) and comfortable listening level (C-level) for selected electrodes were set to the to the selected bands receive stimulation pulses on that cycle. Because some electrodes were not stimulated in device minimum, making the electrical stimulation inaudible. For the three reassignment conditions, the the present experiment, the frequency reassignment conditions sometimes resulted in changes in the peroutput of selected frequency analysis channels was routed to nearby electrodes; the target electrode would electrode rate of stimulation. For the electrodes at the edges of the holes, the average pulse rate per electrode then receive the electrical stimulation of both its own frequency analysis channel and the channels that was sometimes higher for experimental processors that reassigned the analysis bands from within the hole to would have normally been assigned to the electrodes in the hole.
an edge electrode. In the "dropped" condition, the effective overall pulse rate was reduced because elecThe SPEAK processing strategy picks the six to ten frequency bands with the highest energy for stimulatrodes in the hole region were stimulated at an inaudible level. These changes in stimulation rate were all tion approximately every 4 ms (McDermott 1989; Seligman and McDermott 1995) . The electrodes assigned dependent on speech materials and the experimental processor configurations, however, and it is difficult lower three panels. From left to right, each row preto assess the effects (if any) of variable stimulation rates sents the results from holes placed in the basal, middle, for each experimental condition. [Fu and Shannon and apical regions of the cochlea, respectively. Within (2000) showed no effect on speech recognition of each panel, results from the four conditions that varied changes in stimulation rate for rates above 150 pps/ the way spectral information from the hole was distribelectrode.] uted are represented by the four curves. In general, speech recognition decreased as the hole size increased and the decrease was larger for apical holes
Signal processing: NH listeners than for basal holes. Overall, there were few significant differences between the four conditions that distribFor the acoustic processors, the speech signal was uted the spectral information around the hole. Averdivided into 20 contiguous frequency bands by 6th-age performance for normal-hearing listeners was order Butterworth filters; the cutoff frequencies of the generally higher than average implant performance bands were selected to coincide with the filter divisions ( Table 1 ). in frequency allocation Table 9 (0.15-10.8-kHz freConsonant recognition (Fig. 3) that 4.5 mm holes in the apical, middle, and basal frequency). In the "no hole" condition, the envelope regions all caused performance to decrease signififrom each band was used to modulate a broadband cantly. For NH listeners there was no significant differwhite noise, which was then filtered by the same 6th-ence in recognition between the four conditions which order Butterworth filter used in the frequency analysis.
distributed the spectral information from the hole in To create holes in the noise-band speech, several outdifferent ways (apical shift, basal shift, split, dropped) put noise bands were turned off. In the dropped condition, the output noise bands were simply omitted from [F (3,240) ϭ 1.26, p ϭ 0.29]. For CI listeners, post hoc the processed signal. In the reassignment conditions, Scheffe tests revealed that 4.5 mm holes in the apical the envelope waveforms that would have normally and middle regions significantly worsened consonant been used to modulate the bands in the hole region recognition, while performance was not significantly were summed and added to the envelope waveform affected in the basal region until the hole was 6 mm for the noise carrier band at the edge of the hole in extent. For CI listeners, reassignment was significant (Fig. 2) . This summed modulation envelope was then [F (3,240) ϭ 4.63, p Ͻ 0.01], but the post hoc Scheffe tests divided by the number of contributing bands so that showed no significant differences between any pair of its amplitude would not be higher than, and potentially reassignment conditions. This is probably due to the mask, surrounding bands. Finally, all modulated noise fact that with large apical holes, one CI listener perbands were summed and presented to the listeners formed much more poorly than the others when the through Tannoy Reveal loudspeakers (see Shannon et information was dropped (see Fig. 3 , lower-right al. 1995 for more details on signal processing). panel); when this listener was removed from the statistical analysis, there was no significant difference between reassignment conditions for the remaining CI listeners. For this CI listener all reassignment condi-
RESULTS
tions did improve performance compared to when the information was dropped. However, the pattern Figures 3, 4 , and 5 present the results from the consoof performance for this listener in the reassignment nant, vowel, and sentence recognition tests, respecconditions was similar to that of other CI and NH tively. Results are presented as a difference in percent listeners; only the performance in the dropped condicorrect between the score for the experimental condition was deviant for this listener. Thus, it is probable tion and the score with no hole, after correcting both that the data for this listener in the dropped condition scores for chance performance. While there was relaare aberrant. NH listeners as a group had significantly tively little variability in scores across NH listeners, CI higher overall performance on consonant recognition listeners had a wide range of scores in the no-hole than CI listeners (Table 1) , but, overall, there were no condition (Table 1) . Normalizing the results to the nosignificant differences between NH and CI listeners hole performance reduced the cross-listener variability once scores were normalized to the baseline perforbut preserved the relative decrement in performance mance. NH and CI listeners showed similar patterns due to the hole. In Figures 3, 4 , and 5, data from of consonant recognition for basal and midcochlea normal-hearing listeners are presented in the top three panels and implant results are presented in the holes, but CI listeners showed a smaller decrease in consonant recognition than NH listeners for large apishowed a 60 percentage point drop for the same condition. In general, when there are no spectral cues, vowel cal holes.
Vowel recognition (Fig. 4) fell as the hole became recognition remains about 30% correct because of nonspectral cues such as duration and overall ampliwider [F (3,240) ϭ 343.69, p Ͻ 0.01 for NH, F (3,240) ϭ 100.36, p Ͻ 0.01 for CI], and there was a significant tude . In this experiment, NH listeners had a baseline (no hole) vowel recognition interaction between hole size and hole location [F (3,240) ϭ 122.55, p Ͻ 0.01 for NH, F (3,240) ϭ 22.84, p Ͻ 0.01 score of 90.4%, while CI listeners had a baseline score of 64.1% correct. Both groups of listeners dropped to for CI]. For both NH and CI listeners, post hoc Scheffe tests revealed that there was no significant decrease in about 30% correct with a 6 mm apical hole. Sentence recognition (Fig. 5 ) generally decreased vowel recognition for basal holes even up to 6 mm, but that vowel recognition was significantly lower for significantly as the size of the hole increased [F (3,240) ϭ 109.11, p Ͻ 0.01 for NH, F (3,240) ϭ 39.71, p Ͻ 0.01 holes 4.5 mm or larger in the midcochlear region and for holes larger than 3 mm in the apical region. There for CI], and there was a significant interaction between hole size and hole location. For NH listeners, post hoc was no significant difference in recognition between the four conditions that redistributed the spectral Scheffe tests revealed that there was no significant decrease in performance for basal holes even up to 6 information from the hole in different ways (apical shift, basal shift, split, dropped) [F (3,240) ϭ 0.40, p ϭ mm, but that sentence recognition was significantly lower for holes 4.5 mm or larger in the middle and 0.76 for NH, F (3,240) ϭ 0.37, p ϭ 0.78 for CI]. NH listeners as a group had significantly higher overall apical cochlear regions. It is difficult to gauge the effect of the various experimental conditions for CI performance on vowel recognition than did CI listeners (Table 1) , but there were no significant differences listeners, because of the large inter-and intrasubject variability. Nonetheless, for CI listeners, post hoc Scheffe between NH and CI listeners when scores obtained with holes in the middle and basal regions were nortests revealed that performance significantly decreased only when basal holes were 6 mm in extent and that malized to the baseline performance. Only in the apical region did NH and CI listeners perform differently, sentence recognition was significantly lower for holes 4.5 mm and larger in the middle and apical cochlear where CI listeners showed a 35 percentage point drop in performance with a 6 mm hole, while NH listeners regions. For both CI and NH listeners there were no significant differences in recognition between the four of absolute performance). This suggests that even the best CI listener's performance was not as good as that conditions which distributed the spectral information from the hole in different ways (apical shift, basal shift, of NH listeners restricted to the same number of spectral channels. This observation is consistent with the split, dropped) [F (3,240) ϭ 0.38, p ϭ 0.77 for NH, F (3,240) ϭ 1.06, p ϭ 0.37 for CI]. There were slight differences results of previous studies that showed CI listeners were using only the equivalent of 4-8 channels of spectral between the pattern of results for CI and NH listeners. NH listeners showed no decrease in sentence recogniinformation (Fishman et al. 1997; Dorman and Loizou 1998; Eddington et al. 1997; Friesen et al. 2001) . In tion for hole sizes of 3 mm or less in the apical and middle regions of the cochlea, and no decrease in those studies, NH performance increased substantially as the number of channels was increased from 8 to performance for holes in the basal region. CI listeners' performance was not significantly decreased by holes 20, but CI performance was unchanged as the number of electrodes was increased from 8 to 20. 3 mm or less in the apical and middle regions; however, it was significantly reduced by a 6 mm hole in the basal region, while NH listeners' performance was not. For holes larger than 3 mm, NH listeners' performance DISCUSSION decreased sharply with hole size, while CI listeners' performance decreased more gradually. These differHoles in acoustic vs. electric hearing ences in the shape of the curves between NH and CI listeners are probably due to ceiling effects. NH NH listeners were able to achieve higher overall scores than CI listeners. This could be because the NH listenlisteners obtained word recognition scores close to 100% correct for holes up to 3 mm at all cochlear ers were using a 20-band processor that used a Continuous Interleaved Sampling (CIS) strategy while CI locations; CI listeners, on average, achieved only 65% correct for the baseline condition. However, the better listeners were using a 20-band SPEAK processing strategy. (CIS processors stimulate each electrode at a high CI listeners had a pattern of performance more similar to that of the NH listeners.
rate, like 800 pulses/s, modulated by the speech envelope from each band. SPEAK performs a 20-band FFT Consonant recognition was less affected by tonotopic holes than was vowel or sentence recognition, every 4 ms and selects electrodes associated with the six bands with the most energy for stimulation.) However, probably because consonant recognition relies more on temporal cues than spectral cues. Figures 6 and 7 previous studies have not observed any significant differences between CIS and SPEAK processing with the present the results of an analysis of consonant information received for NH and CI listeners, respectively. same number of electrodes in implant listeners (Fishman et al. 1997; Friesen et al. 2001) . In those studies, Voicing and manner information were both virtually unaffected by the size of the hole at all cochlear locaperformance of CI listeners was similar for 20-band SPEAK and 8-band CIS processing, and both were simitions. These cues are primarily temporal cues (Van Tasell et al. 1987 ) and require only minimal spectral lar to the performance of NH listeners with 4-8-channel noise-band processors. While NH listeners' information for nearly perfect reception . [The only exception was for CI listeners, performance continued to improve as the number of bands was increased, implant performance did not which again was caused by a single listener who performed poorly with large apical holes (note the large improve as the number of electrodes was increased beyond 7 (10 for some test materials). This implies error bars in the right column of panels in Fig. 7 ).] However, for both NH and CI listeners, information that the difference in overall performance between NH and CI listeners was due to NH listeners' ability received on place of articulation decreased considerably as the hole size was increased, particularly for the to utilize all the spectral information provided by the 20 channels. It is not clear why CI listeners appear to apical hole location. This pattern of results is similar to that observed for vowel recognition. The similarity be unable to utilize all the spectral information available to them. between vowel recognition and information received on consonant place of articulation demonstrates that
In spite of the difference in overall performance level, the pattern of performance reduction was similar holes in the tonotopic representation primarily affect spectral cues.
for NH and CI listeners. Some exceptions to this generalization were due to ceiling effects (NH sentence rec- Figure 8 compares NH and CI results averaged across reassignment conditions; in this figure scores ognition) or floor effects (CI vowel recognition). NH and CI listeners were affected similarly as the spectral were not normalized or adjusted for chance-level performance. The hatched area shows the total range of information was removed from the signal. The difference in overall performance level between NH and CI scores obtained by the 6 CI listeners. Note that the upper edge of the hatched region is similar in shape listeners may have been a result of CI listeners' inability to use more than 8 spectral channels, but the effect to NH listeners' pattern of results (but lower in terms of a tonotopic hole was similar for both sets of listeners bands to speech intelligibility for a standard set of monosyllablic words. Importance weighting functions because the same information was removed. This observation suggests that the relative effect of a hole for other materials can deviate considerably from the ANSI standard function (Studebaker and Sherbecoe in the spectral information is similar for different levels of spectral resolution. 1993). Although the vowel and consonant materials used in the present experiment were different from the ANSI standard word materials, the standard
Predictions of articulation theory
weighting function was used as an approximation for the present calculations. Predictions of the SII for the conditions of the present experiment were computed. Since there were no sigIn the present experiment the frequency range from 150 Hz to 10 kHz was divided into 20 frequency nificant differences between reassignment conditions, the results from all reassignment conditions were averbands. The ANSI specifications apply to the frequency range from 160 Hz to 8 kHz and values are provided aged for each speech test. SII values were computed using the ANSI 1/3-octave band-importance weighting only at 1/3-octave intervals. To calculate SII predictions for the present experiment, the ANSI weighting function [see Table 3 , ANSI S3.5 (1997) ]. These weights reflect the contribution of specific frequency function was converted from frequency to cochlear location according to Greenwood (1990) . Weights of the mean value across remapping conditions for each hole size and location was used. The data were normalzero were assigned to frequencies above or below the ANSI frequency table. The weighting values for each ized to those for the baseline (no hole) condition so that the curves peak at 0 shift in percent correct where of the 20 filters in the present experiment were interpolated linearly in terms of cochlear location from the the SII was defined to have a value of 1. These plots were fitted with a sigmoidal function of the form: ANSI standard values. For the present calculations the weights were increased slightly so that the total inte%correct ϭ 100 * (1 Ϫ 10 ϪSII/Q ) n (1) grated SII value for the 20-band condition equaled 1. SII values were then computed by integrating the area where n and Q are fitting parameters. The optimum parameter values were obtained by minimizing rms under the interpolated weighting function. The SII for the hole conditions was computed by assigning errors. Table 2 presents the parameter values of these curves and the corresponding rms error (in percentweights of zero to the frequency range of the hole.
NH listeners' normalized speech recognition results age points). The resulting best-fit curves are plotted as the solid lines in Figure 9 . Note that the value of Q for all hole conditions are plotted as a function of SII values in Figure 9 . Because there was no significant was relatively similar for the three sets of materials, but the value of n was quite different for consonants. difference between any of the remapping conditions, Vowel and sentence recognition required a value of n 1986; Warren et al. 1995) , the present results suggest that the loss of spectral information due to a hole in that was 6-7 times higher than for consonant recognition. This may reflect the fact that consonantal distincthe tonotopic representation can be well represented by the traditional SII model. Application of the SII tions are less dependent on spectral resolution than vowel or sentence recognition. model to the average CI results produced an rms error ranging from 0.8% to 5.7% across conditions; slightly The parameters estimated from the aggregate data were then used to model performance for the individlarger rms error values than for NH listeners, but still comparable to the standard deviation of the measureual experimental hole conditions. The model results are presented in Figure 10 and compared with the ments. Thus, the loss of spectral information due to a hole in the tonotopic representation can be relatively average results from NH listeners. Note that the predictions of SII are relatively close to the actual data, with well modeled by the SII for both CI and NH listeners. the rms error of the predictions ranging from 0.64% to 4.44%. This error value is similar to the standard Implications for preserving/restoring the lost deviation of the measurements and so constitutes a information good fit. Although previous results have suggested that separated spectral bands can interact synergistically
The present results are not encouraging for the prosthetic restoration of lost information due to a hole in (Lippmann 1996; Breeuwer and Plomp 1984, 1985, presented to the correct tonotopic location. This pattern was evident in the detailed analysis of consonant information received. Reassigning the spectral infor- more than 60 dB of high-frequency hearing loss could actually degrade speech performance, they suggested that such amplification resulted in the reassignment of spectral information to a lower tonotopic place (due the receptor array. The information from the hole to the spread of excitation in the cochlea near the region was remapped to the edges of the hole in three amplified region). In Turner's studies, such reassigndifferent ways and none resulted in improved perment resulted in a decrease in performance for some formance (although none degraded performance listeners and no change in performance for others; either). Although the information in the speech signal no listeners showed an increase in performance as a was preserved, neither NH nor CI listeners showed result of amplification. However, Vickers et al. (2001) any benefit of reassigning the spectral information to found some benefit of amplifying frequencies up to 1 the edges of the hole as compared with simply dropoctave above the estimated edge frequency in listeners ping the information. This suggests that the pattern of spectral information becomes unusable if it is not diagnosed with a high-frequency dead region. This result implies that some listeners may be able to make Normal-hearing and cochlear implant listeners showed similar patterns of results, suggesting that the use of "reassigned" information.
One issue that complicates the interpretation of loss of information caused by tonotopic holes was the primary factor in performance and that NH and CI the present results is the potential effect of long-term learning. The present results show no benefit of listeners were similarly affected by that loss of information. However, the present results are discouraging for remapping spectral information around a hole when the listeners had no time to practice or adapt to the the prospect of restoring this lost information: None of the conditions in this experiment that attempted new mapping. It is possible that listeners might be able to make use of remapped information if given to "rescue" the lost information by remapping it to the edges of the hole produced any improvement. sufficient time to adapt to the new pattern. Van Tasell et al. (1992) found significant improvement on consonant recognition in NH listeners after training on single-channel noise processors. Rosen et al. (1999) 
